The influence of plasma, gas and salt-bath nitriding techniques on the friction coefficient of AISI 430 ferritic stainless steel was studied in this paper. Samples were plasma nitrided in 80 % N 2 + 20 % H 2 atmosphere at 450 °C and 520 °C for 8 h at a pressure of 2 mbar, gas nitrided in NH 3 and CO 2 atmosphere at 570 °C for 13 h and salt-bath nitrided in a cyanide-cyanate salt-bath at 570 °C for 1.5 h. Characterisation of nitrided layers on the ferritic stainless steel was carried out by means of microstructure, microhardness, surface roughness and friction coefficient measurements. Friction characteristics of the nitrided layers on the 430 steel were investigated using a ball-on-disc friction-wear tester with a WC-Co ball as the counter-body under dry sliding conditions. Analysis of wear tracks was carried out by scanning electron microscopy. Maximum hardness and maximum case depth were achieved on the plasma nitrided sample at 520 ºC for 8 h. The plasma and salt-bath nitriding techniques significantly decreased the average surface roughness of the 430 ferritic stainless steel. The friction test results showed that the salt-bath nitrided layer had better friction-reducing ability than the other nitrided layers under dry sliding conditions. Furthermore, the friction characteristic of the plasma nitrided layer at 520 ºC was better than that of the plasma nitrided layer at 450 °C.
INTRODUCTION *
Stainless steels are widely used in the chemical, food, and other industries due to its corrosion-resistant properties [1] . However, low hardness and poor wear resistance sometimes limit its industrial applications. One of the principal methods of improving workpiece performance in the metal-mechanical industry is to achieve a decrease in friction coefficient and thus an increase in wear resistance [2] . Surface engineering is an optional process to improve the surface friction characteristics of stainless steels.
Among many surface engineering techniques, plasma nitriding is the most successfully and widely used technique to engineer the surfaces of stainless steels. Nitriding is a thermochemical surface treatment used in steels and alloys to improve wear and friction properties by surface microstructure modification while maintaining adequate substrate properties [2, 3] . It is a thermochemical process involving the diffusion of atomic nitrogen into the surface of target materials to form hard nitrides of the metal elements constituting the steel. For example, nitriding of stainless steels at a temperature above 500 °C can significantly improve the surface hardness and wear properties [4] . It is well known that plasma nitriding offers many advantages over traditional gas nitriding and saltbath nitriding, particularly in terms of reduced gas consumption, reduced energy consumption, and the removal of environmental hazards [5, 6] . In addition, during the plasma nitriding process, the sputtering effect of energetic positive ions can effectively remove the oxide film (Cr 2 O 3 ) on the surface and thus accelerate nitrogen mass transfer. Accordingly, plasma nitriding can be carried out in a wider range of temperatures and at a faster nitriding rate than the conventional gaseous and salt bath nitriding processes [1, 7, 8] . However, an increase in surface hardness is often accompanied by a decrease in corrosion properties due to precipitating CrN, especially in the traditional plasma nitriding used widely in industry production [9] . Many attempts have thus been made in the past decade to improve the corrosion resistance of nitrided stainless steels. As a result of these attempts, it has been found that at low temperatures, plasma nitriding can produce a thin layer that has completely different structures and properties than that produced at high temperatures. It has recently been established that the low temperature nitrided layer has a high hardness and excellent corrosion resistance [7, 10 -12] .
Ferritic stainless steels that form a kind of stainless steel are basically iron-chromium alloys with sufficient chromium and other elements, such as Mo, Si, and Al, to stabilise the ferrite phase with a body centred cubic (b.c.c.) structure at all temperatures [13 -16] . They are not frequently used in conditions requiring resistance to wear because they are softer relative to the other stainless steel grades. However, as mentioned above, wear-resistant stainless steels can be obtained by various surface modifications. In the past few decades, the plasma nitriding technique has been widely used by several authors [1, 4, 5, 7, 9, 17 -21] to improve the surface performance, such as hardness, wear and corrosion resistance, of austenitic and martensitic stainless steels.
However, no published results appear for plasma nitrided AISI 430 ferritic stainless steels, and a comparative study on the friction characteristics of plasma, gas and salt-bath nitrided 430 ferritic stainless steels has not been conducted so far. The friction characteristic can be a key property of performance for various applications of ferritic stainless steels. Therefore, the aim of the present investigation is a comparative study on the friction characteristics of plasma, gas and salt-bath nitrided 430 ferritic stainless steels using a ball-on-disc friction-wear tester with a WC-Co ball as the counterface under dry sliding conditions. The surface roughnesses, microstructures and microhardness profiles of the nitrided layers were also examined.
EXPERIMENTAL PROCEDURE

Materials
The alloy studied here (AISI 430 ferritic stainless steel) has the following composition (wt.%): C, 0.055; Si, 0.352; Mn, 0.302; P, 0.023; S, 0.011; Cr, 15.76; Mo, 0.085; Ni, 0.419; Al, 0.0052; Co, 0.036; Cu, 0.143; Nb, 0.044; V, 0.078; W, 0.049; and Fe, balance. Samples of 15-mmthick 430 ferritic stainless steel were cut from bars that were 25.4 mm in diameter. The discs were first ground on a grinding machine using a SiC grinding wheel rotating at 800 rpm and finally cleaned with acetone in an ultrasonic cleaner prior to the nitriding processes.
Nitriding processes
The disc samples have been nitrided using the plasma, gas and salt-bath nitriding techniques. Before the plasma nitriding step, sputter cleaning was performed in a highdensity pure hydrogen atmosphere at about 430 °C for 45 min, which removed the oxide layers formed on the surface of the samples. Then, the 430 ferritic stainless steel samples were plasma nitrided on a PP 60 kW Plateg commercial plasma-nitriding unit with 60-A pulse plasma generator at 450 °C and 520 °C for a total duration of 8 h in a gas mixture of 80 % N 2 + 20 % H 2 at 2 mbar. Fig. 1 shows a schematic of the plasma nitriding system used in this work [22] . Fig. 1 . Scheme of the plasma nitriding system used in this work [22] Upon the completion of the plasma nitriding processes, the samples were slowly cooled in the chamber to room temperature under flowing nitrogen to protect the surface from oxidation.
The salt-bath nitriding process of the 430 samples was carried out in a cyanide-cyanate salt bath at 570 °C for 1.5 h followed by pre-heating at 325 °C for 1 hour. Then, the samples were cooled in the air to room temperature. Gas nitriding was conducted on an electrical resistance furnace (IPSAN CRV 400 trade mark) in vacuum using a NH 3 and CO 2 atmosphere at 570 °C for 13 h. After the completion of the gas nitriding operation, samples were cooled in the furnace to 30ºC under flowing nitrogen.
Microstructure analyses and microhardness and surface roughness measurements
The cross-sectioned samples were used to examine the microstructure of the nitrided layers formed on the 430 ferritic stainless steel with an optical microscope after Nital 4 % etching. The case depth of the nitrided layers was determined from optical images. The morphologies of the wear tracks was also investigated using a scanning electron microscope (SEM). Changes in the mechanical properties of the nitrided surfaces of the samples were characterised by microhardness tests. The microhardness tests were performed on a Vickers microhardness tester with a load of 10 g and a dwell time of 15 s by taking five readings to determine the average values. The microhardness depth profile was determined by taking the microhardness measurements from the edge towards the core of the cross-sectioned samples. In addition, because the surface roughness is an important factor for friction characteristics, the surface roughness of the nitrided surfaces was measured by a TR200 Roughness Tester that had a tracking length of 5 mm and least count of 0.001 µm. It measured the average roughness (R a ) over the entire sample.
Friction testing
A series of experiments were carried out to study the influence of plasma, salt-bath and gas nitriding techniques on the friction characteristics of 430 ferritic stainless steel. Friction characteristics of the nitrided samples were evaluated on a friction-wear tester without lubrication at room temperature in a ball-on-disc contact configuration with friction data collection and display capabilities [23] . The friction coefficient was automatically recorded with a charter connected to the test rig. During tests, the samples (discs) were rotated against a stationary WC/Co ball of 5 mm in diameter at a speed of 8.6 mm/s under dry sliding conditions. The nominal diameter of the wear track was 9 mm, and the normal contact load was 4.1 N. The sliding distance was 68 m for all nitrided samples. The relative humidity of the environment was kept constant between 35 % and 40 % during the friction tests.
RESULTS AND DISCUSSION
Microstructure
Plasma nitriding, salt-bath nitriding and gas nitriding techniques produced different nitride layers in the 430 ferritic stainless steel surfaces in terms of morphology and thickness. The cross-sectional micrographs of the 450 °C and 520 °C plasma, salt-bath and gas nitrided 430 samples can be seen in Fig. 2 . The treated layers are clearly visible. According to the pictures, the modified layers of the 430 ferritic stainless steel appear in the samples after etching, with each layer separated from the matrix by a strongly etched line. Fig. 2 shows that a well-defined planar interface between the diffusion zone and the substrate was developed; this behaviour was verified for the plasma nitriding, especially at 520 °C, and salt-bath nitriding techniques. This morphology is due to the distinction in the crystal structures between the nitrided layer and substrate. The case depths of the 450 °C and 520 °C plasma nitrided as well as salt-bath nitrided layers of 430 samples were measured to be about 28 µm, 64 µm and 38 µm, respectively. The maximum case depth was observed on the plasma nitrided samples at 520 °C. As expected, plasma nitriding at 520 °C produced a thicker nitride layer than plasma nitriding at 450 °C. However, there was no obvious or homogeneous nitride layer on the gas nitrided samples. The nitride layer formed on the gas nitrided sample was in local and preferential regions as well as very thin (Fig. 2, d) , which means that the gas nitriding procedure at 570 °C for 13 h was not sufficient to form a hard nitride layer on the 430 ferritic stainless steel surfaces.
The metallographic analysis showed that the salt-bath nitriding process produced a relatively thick nitrided layer consisting of a white layer with a thickness of approximately 2 µm -3 µm at the top and an adjacent nitrogen diffusion layer on the 430 ferritic stainless steel surfaces (Fig. 2, c) . The white layer is resistant to corrosion by the etchant Nital 4 %, and thus it appears to be bright under optical microscopy. The white layer consists of extremely hard iron nitrides [24 -26] , and it has very hard profile but so brittle that it may spall in use [27] . On the other hand, the plasma nitrided layers on the 430 steel surfaces consist of only the nitrogen diffusion layer (Fig. 2, a and b) . The 520 °C plasma nitriding process of ferritic stainless steels produced a thicker layer, which is predominantly "dark" in appearance after etching with some "white" phases, characterised by the effective precipitation of chromium nitride, whilst the dark particles were observed in the diffusion layer of the 450 °C plasma nitrided sample along the grain boundaries due to the precipitation of chromium nitrides [7, 28] .
Surface roughness and microhardness
The surface roughness is an important factor for the friction characteristics of nitrided samples. The average surface roughness (R a ) values of the nitrided samples can be seen in Fig. 3 . The plasma and salt-bath nitriding techniques significantly decreased the average surface roughness of the 430 ferritic stainless steel samples. The surface roughness values of the plasma nitrided and salt-bath nitrided samples are similar. The lowest average surface roughness value was measured to be about 0.613 µm in the 520 °C plasma nitrided sample, whilst the highest surface roughness for the nitrided 430 samples was observed with the gas nitriding procedure. The surface roughness value of the gas nitrided samples is close to that of the untreated samples because the gas nitriding process at 570 °C for 13 h was not sufficient to form an obvious and homogeneous nitrided layer.
The microhardness was measured along the depth on the cross section of the nitrided samples. The hardness profiles in Fig. 4 show a strong hardening effect with the plasma and salt-bath nitriding. The characteristic maximum surface hardness in the plasma and salt-bath nitrided 430 steel samples drops abruptly at the case/core interface to the substrate microhardness value. This is associated with the nitrogen compositional profile through the nitrided surface, developed as a consequence of the nitriding mechanism [2, 29] .
As shown in Fig. 4 , the microhardness of the substrate was measured as (235 -245) HV 0.01 , whereas those of the plasma and salt-bath nitrided layers were approximately (1300 -1500) HV 0.01 . The maximum hardness value measured from the 520 ºC plasma nitrided surface was observed to be 1490 HV 0.01 , which is about 6.3 times as hard as the untreated material. This dramatic increase in surface hardness was due to a fine and homogeneous coherent chromium nitride precipitation of CrN type [2, 30] . As discussed in the literature [2, 31] , alloys with a high chromium content tend to exhibit a strong interaction between the Cr and N. This effect is typical of conventional stainless steels at a relatively higher temperature, which is characterised by the formation of chromium nitride precipitates [2] . As expected, the surface hardness of the 520 °C plasma nitrided layer is higher than that of the 450 °C plasma nitrided layer due to the more effective precipitation of chromium nitride in the 520 °C plasma nitriding process. In addition, the high surface hardness of the 520 °C plasma nitrided 430 ferritic stainless steel extends through a deeper case. Both precipitation hardening and solution hardening contributed to the higher hardness in the deeper case of the 520 °C plasma nitrided sample [5] . However, the surface hardness of gas nitrided 430 steel sample, which has no obvious and homogeneous nitride layer, is only 310 HV 0.01 .
Friction coefficient
The results of the friction tests are plotted in graphs showing the friction coefficient against sliding distance for constant load. Friction characteristics obtained for the 450 °C and 520 °C plasma, salt-bath and gas nitrided 430 ferritic stainless steel samples are shown in Fig. 5 .
The experimental results showed that the friction characteristics of the nitrided samples significantly depend on the nitriding technique. The friction coefficient of the salt-bath nitrided 430 sample was found to be better than that of the other nitrided samples. In the steady states towards the end of the friction tests, the friction coefficient of the salt-bath nitrided 430 sample was about 0.12, whilst the friction coefficient values of the 450 °C and 520 °C plasma nitrided as well as gas nitrided 430 samples were about 0.45, 0.28 and 0.65, respectively. The results imply that the salt-bath nitrided steel surface reduced the friction to some extent, which can be linked to the change in the surface hardness, microstructure, especially that of the white layer at the top on the nitrided surface, surface roughness and compressive residual stress [4] in the nitrided layer of the 430 steel surfaces after the salt-bath nitriding process. On the other hand, the friction characteristics of the 520 °C plasma nitrided sample, which has the maximum surface hardness and maximum case depth, are better than those of the 450 °C plasma nitrided sample.
It must be pointed out that the friction coefficients of plasma and salt-bath nitrided samples were very uniform during the friction tests. The friction coefficient values of the plasma and salt-bath nitrided samples increased almost linearly with increasing sliding distance. However, the friction coefficient curve of the gas nitrided sample showed a noticeable change in the slope after about 40 m of sliding distance, which could indicate a change in the mechanism involved in the wear process. The gas nitrided samples had no obvious and homogenous nitrided layer, which is an expected result given the high surface roughness of these samples. The highest friction coefficients were found for the gas nitrided 430 ferritic stainless steel samples than the other nitrided samples because the plasma nitrided and salt-bath nitrided samples, which had a much larger surface hardness than the gas nitrided samples, had better resistance to ploughing and adhesion. The micro-images of the worn surfaces of the nitrided samples are shown in Fig. 6 . Microscopic surface observations of the worn plasma and salt-bath nitrided samples, especially for the salt-bath nitrided sample with a brittle white layer, showed a fractured nitrided case with exfoliation on the surfaces during friction testing with a constant load (Fig. 6, a, b, c) . On the other hand, the worn surface of the gas nitrided sample, which has the highest friction coefficient, was mainly characterised by strong adhesion, plastic deformation and tribo-oxidation [1, 5, 20, 32, 33] , whilst the worn surface of the plasma nitrided samples showed slight adhesion, abrasion and tribo-oxidation. The high surface hardness can resist the plastic deformation. Particle removal in the gas nitrided sample is clearly observed in Fig. 6, d , mainly due to adhesion and oxidation mechanisms. No scratches were found in the gas nitrided sample. The stronger adhesive mechanism produced a higher friction coefficient in the 430 nitrided steel samples. On the other hand, the worn surface of the salt-bath nitrided sample showed signs of exfoliation, slight adhesion and tribo-oxidation. No scratches appeared in the salt bath nitrided sample, which could conform to the significantly lower friction coefficient of the salt-bath nitrided 430 ferritic stainless steel samples compared with the other nitrided samples, especially the gas nitrided samples. 
CONCLUSIONS
In this work, the effect of DC-pulsed plasma nitriding at 450 ºC and 520 ºC, salt-bath nitriding and gas nitriding techniques on the friction coefficient of AISI 430 ferritic stainless steel was investigated using a ball-on-disc friction-wear tester with a WC-Co ball as counter-body under dry sliding conditions. The conclusions derived from this study can be given as follows:
Various nitriding techniques produced different nitride layers in 430 ferritic stainless steels in terms of morphology and thickness. The maximum case depth was achieved on the high temperature plasma nitrided samples at 520 ºC. However, the gas nitriding technique at 570 ºC for 13 h was not sufficient to form a hard nitride layer on the 430 ferritic stainless steel surfaces. The plasma nitrided layers on the 430 steel surfaces consisted of only a nitrogen diffusion layer, whilst the salt-bath nitrided samples had a thin white layer at the top and a nitrogen diffusion layer beneath in the nitride layer.
The plasma and salt-bath nitriding techniques significantly decreased the average surface roughness of the 430 ferritic stainless steel samples. The lowest average surface roughness value was obtained in the 520 ºC plasma nitrided sample, whilst the gas nitriding sample had the highest surface roughness.
The plasma and salt-bath nitriding processes significantly increased the surface hardness. The high temperature (520 ºC) plasma nitrided 430 steel sample had the highest surface hardness with 1490 HV 0.01 . In addition, the high plasma nitriding temperature significantly increased the effective case depth in 430 steel.
The friction characteristics of the nitrided samples depended significantly on the nitriding technique. The saltbath nitrided 430 ferritic stainless steel samples exhibited much lower friction coefficient values than the plasma nitrided and gas nitrided samples. This can be associated with the effects of the high surface hardness, the morphology of the nitrided layer, especially the white layer formed at the top on the nitrided surface, and the low surface roughness. On the other hand, the friction coefficient of the plasma nitrided sample at 520 °C, which had the maximum surface hardness and maximum case depth, was better than that at 450°C.
